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Abstract 
In this work, a dynamic model is developed in the CO2SIM framework for transient modelling of CO2 absorbers and 
desorbers. Validation of code towards pilot data is presented, and the applicability of the model is shown with two 
examples of usage. Emphasis has been on developing flexible coding architecture for further development into 
dynamics and for a sequential modular dynamic handling of information when incorporated into a dynamic network 
solver. The model compares well with the pilot plant measurements and is numerically robust. The methods 
developed for handling pilot plant data and updating events (as e.g. multiple changes in the feed flow-rate) minimize 
the manual work for the engineer.  
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Nomenclature 
a Hydraulic interfacial area of wetted packing >m2/m3@   
C Molar concentration of component >kmol/m3@ 
Cp Specific heat capacity i >kJ/kmol K@ 
h            Heat transfer coefficient >W/m2∙K@   
ΔH Heat of absorption (CO2), heat of vaporization (H2O) [kJ/kmol] 
L            Height of column >m@   
N            Interfacial molar flux >kmol/m2∙s@   
n             Molar flux  >kmol/m2∙s@   
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T            Temperature >K@   
t              time> s@   
u             Gas velocity>m/s@  
x Mol fraction liquid phase >-@    
y Mol fraction vapour phase >-@   
z             Axial distance for packing >m@   
ε             Gas or liquid hold-up >- @  
Subscripts 
i,j component number 
L,G liquid or gas-phase 
tot total 
n normalized  
1. Introduction 
We are now moving towards building full scale CO2 removal plants for power production. There are 
several initiatives around the world that are preparing towards full scale plants through building large 
pilot plants up to 100 k tons  of CO2 per year, for example the Test Centre Mongstad (TCM) 
(http://www.tcmda.com/no/). However, the increasing use of renewable sources to cope for increasing 
energy demand and a more sustainable power production will force a more flexible operation of the fossil 
fuelled power stations [1]. This will imply large and frequent load changes of the power plant and thus 
require understanding of dynamic operation of the integrated power and capture plant. Specifically, 
questions that must be answered are: 
• What are the real consequences of varying loads at the CO2 removal plant? 
• How do we handle unsteady behaviour, shut down, start-up? 
• How shall the capture plant be operated and controlled? 
However, it is difficult to foresee dynamic behaviour of complex chemical processes, especially 
integrated processes such as that of a CO2 capture plant downstream from the power plant.  Dynamic 
modelling and simulation will help us to understand the dynamics of such complex processes. In Table 1, 
some of the possibilities of usage of a dynamic simulator are listed. 
 
Table 1. Some usages of a dynamic simulator. 
  
1. To help in  understanding process dynamics prior to plant construction 
– Difficult to foresee dynamic behavior of complex chemical processes 
– Especially integrated processes such as that of  a CO2 capture plant downstream of the power plant 
• can help identify problems before committing to capital expenditures for equipment or 
construction 
2. Detailed dynamic models of new plant design can be utilized to determine a particular design’s operability  
– Identification of process information 
– A lot of information can be obtained from simulation, which would otherwise not be available from 
measurements 
3. For training 
– Running startup, shutdown change in operating conditions, check of safety procedures etc. 
4. Facilitation of optimal operation studies 
5. Development of control and procedural strategies 
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The purpose of the present work is to develop a new dynamic absorber/desorber model in the CO2SIM 
software package with development of particular coding methods for handling dynamic data in an 
efficient manner. The goal is to develop a robust code applicable for several solvent systems, which is 
able to simulate dynamic absorption and desorption processes at transient conditions. The technical 
emphasis is thus placed on novel code development methods and implementation strategies. Such 
development in the application of computing and systems technology is an important field to solving 
chemical engineering problems. The developed model has then been compared to pilot plant data for 
validation purposes. Finally, a few examples showing ramping behaviour and dynamic changes are given. 
2. Implementation platform in CO2SIM: Strategy and functionality requirements 
2.1. Code development 
Development of full simulator codes is very time-consuming and demanding and requires a common 
code platform for development. It involves development of complex code structures to handle the 
information requirements at the network level as well as handling of data for code validation. It also 
involves exploring and developing models, which have not been explored previously. This means that to 
complete these tasks a fundamental requirement is to have a general architectural code base already 
developed, with efficient development procedures. Many of the commercial simulators could be used for 
this purpose, since much of the basic methods are developed. However, many of the particular needs and 
requirements when developing solvents make it difficult and sometimes not possible to implement in the 
commercial simulators. Therefore, we have developed our own platform. We develop and test new 
solvents and it is therefore necessary to have insight to our modelling methods, at all layers of the code. 
The simulator platform CO2SIM is used as basis for method development because it is tailored for 
solvent and process development.  
2.2. Description of CO2SIM 
CO2SIM is a general purpose steady-state flow sheet simulator particularly developed for CO2 
absorption processes. The development started in 2002 and some references can be found here ([2], [3], 
[4], [5], and [6]). CO2SIM provides a flexible and extensive simulation framework for solving a wide 
range of chemical processes related to CO2 capture technologies and includes advanced object-oriented 
programming techniques for efficient and fast development. The code design is general enough to address 
future requirements thus the focus of such architectural patterns in crafting complex systems is the 
particular strength of CO2SIM. Some of these main features in relation to this work are: 
x Reuse of class methods  
x Existing thermodynamic and hydraulic models as well as solvers are re-used  
x Existing use of simulator architecture with GUI and visualization methods 
x Exact understanding as to how the models are developed, with respect to the given assumptions 
(mathematics, physics, algorithms/numerics)  
2.3. Dynamic implementation strategy and functionality requirements 
A well defined implementation strategy and functionality had to be established for the dynamic simulator, 
based on the steady state version of CO2SIM. The time variations will require new considerations 
especially related to the network solver. The approach suggests the following development needs: 
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x All the dynamic sub models (process unit models) should describe the thermodynamics and mass 
transfer with sufficient detail to yield predictive power (rate based, etc).  
x The solvent systems are implemented based on established routines from the steady state version 
of CO2SIM (kinetics, VLE etc.) 
x New methodology for numerics must be implemented 
x Solvers must handle significant changes in load conditions (use of stiff DAE solver) 
x Be able to execute in real time to give a virtual response close to the actual system 
x Develop a new mathematical description of flow model for packing 
x Implement methods for visualizing results and general plotting functionality 
x Develop a general method that extracts all state variables and derived variables so that they are 
available in the integration time horizon  
x Implement validation procedures of models by use of data standardized extraction routines 
x Routines that handles information flow from pilot plant to simulation 
x Must be able to perform batch simulation of all available campaign data 
3. Column model description 
The dynamic column model is an extension of the model described in Kvamsdal et al. [7]. New code 
with accompanying routines for classes, methods and sub-functions, were written using a generic syntax 
that addressed the requirements highlighted in Section 2.3. Particular emphasis was put on handling of 
experimental data and information flow, event handling and procedures for validation. The core models 
describing the physical properties of MEA were re-evaluated and changed where necessary. 
3.1. The Flow model 
The general flow model is based on the assumption of transient plug flow of both gas and liquid. The 
contactor model is based on a general approach to simulate counter-current operation of a packed column 
for absorption or desorption with chemical reaction in the liquid-phase. The extent of interfacial flux 
across a differential packing element depends on the type of absorbent being used and the types of 
chemical reactions in the liquid film, described by the mass transfer sub model. A schematic of the 
packing block including the symbols used is 
shown in Fig. 1. In this model, the column height 
and inner diameter and packing type must be 
specified along with the inlet flows of liquid 
and gas. The outlet liquid and gas streams can 
then be calculated as well as internal packing 
profiles for temperature and components etc. 
3.2. Model Assumptions 
A mathematical model describing the mass 
transfer with simultaneous chemical reaction in 
a differential absorber was implemented. 
Assumptions regarding the flow model are 
given in Table 2. 
 
Fig. 1. A schematic of the packing section of  
an absorber column. 
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3.2. Transport equations 
Gas phase equations
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Liquid phase equations 
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Boundary conditions at zn=0 
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Table 2. Model assumptions. 
x Axial dispersion is small in comparison with the convective flux. Thus, in this work, backmixing is disregarded. For 
industrial packed bed reactors, the flow fields are highly turbulent in both phases. It is therefore reasonable to assume that 
there are also negligible radial gradients in temperature and concentration along the tower. The flow fields for both the 
liquid and vapor phases are, based on this, considered to be plug flow. 
x The implementation is based on object oriented coding, where the flow model, equilibrium model and flux module has been 
coded as independent modules. Otherwise, the solver follows the strict O-O patterns designed in CO2SIM 
x There is one independent transport equation for each species defined in the stream composition for both phases. This 
enables using different solvent properties without changes to the model code 
x Transport equations for all species for each phase as well as total molar flow balances ensures molar balance on the flow 
model level 
x Vapor in the gas-phase condenses at the gas-liquid interface releasing heat of condensation instantaneously to the liquid-
phase 
x All chemical reactions are restricted to the liquid-film 
x The packed section has one liquid and one gas feed stream and one liquid and one gas exit stream  
x The heat loss to the surrounding is either disregarded (since the pilot absorber was insulated well and assumed adiabatic), or 
calculated using a Reynolds analogy (for heat loss in the desorber and reboiler). 
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3.3 Normalization  
All the independent variables are normalized in order to increase robustness, whereas the resulting 
differentials are kept as is, except for normalizing the packing height. 
 Temperatures and Pressures are logarithmic 
normalized: 
 
Pseudo-molar flows are used (not molar fractions):    
Total inlet flows are normalized to 1:    
 
 
3.4 Numerical solution 
The numerical solution of the flow/transport model equations requires discretization with regard to the 
axial direction (column height). As the model formulation constitute a two point boundary value problem, 
orthogonal collocation is applied as a suitable method for discretization of the axial dimension. The 
discretized PDEs become a system of ordinary differential and algebraic equations (DAE), with time as 
the independent variable. An elaborate analysis of the set of equations with the choice of suitable initial 
conditions (pre-calculated using a routine described in the following) has been performed in order to 
prevent high index problems. 
4. Implementation of general procedures for updating event data  
A new methodology for updating stream data to the real-time integration ensures that all registered 
data logged from the pilot plant can be automatically handled during integration. This eliminates the need 
for handling data manually, saves time and minimizes the inherent risk of introducing errors in manual 
data handling. The class pre-processes all process data from the pilot plant, via an excel spread sheet and 
updates the integration as described in the following. All logged data from the pilot plant is stored in an 
excel spread sheet where CO2SIM collects the data representing input and output streams. The datasheets 
must be made in a way so that CO2SIM can extract the data in the format required. The matching of excel 
data with internal CO2SIM format are handled with a translator text file. The CO2SIM xml flow sheet 
represents for example an absorber with input and output stream definition. CO2SIM does an initial step 
assembling all data in a time series. For each time log, CO2SIM stops integration, updates input values 
with new log values, stores current output values (to be compared to the output logged values also 
available in the pre-processing class structure) as well as internal data, and finally continues integration. 
In a post processing step the user can visualize results by plot comparisons of experimental and simulated 
results. Note, here, the model is used as a post-processing task with no online model estimation. 
 
5. Model validation 
The applicability of the code is shown with use of the CO2SIM MEA thermodynamic package and 
kinetic models. Firstly, the dynamic behavior was compared to pilot rig data obtained during a dynamic 
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campaign with the VOCC rig (see e.g. [8]). The absorber has a packing height of 5.4 m and an inner 
diameter (ID) of 0.5 m. A 30wt% MEA solvent was used where experimental logging of input and output 
data was performed every 5 seconds. This gave about 500 datasets which were updated during the 
simulation comparison.  
In Fig. 2 are shown comparisons between the dynamics of the experimental case and the simulated 
case. In this case (Case B from the VOCC study ([8])), the inlet gas and liquid flows are kept constant 
while the concentration of CO2 is changed in increasing steps while it is in a last step reduced again. The 
blue line represents simulated points whereas the red line represents the pilot data. In general, the 
increased CO2 gas concentration causes an increase in outlet loading up to a maximum of 0.41 before it is 
lowered again, see Fig. 2 a. In Fig. 2 b, the resulting outlet temperature of the amine solvent shows an 
increase as the CO2 concentration increases. It is interesting to note that the temperature curve is not 
synchronous with the loading curve, showing that the solvent temperature increase slightly before the 
loading starts increasing (as shown from 1200-1400 seconds).  
The simulated and experimental results show surprisingly good agreement. The simulated loading 
level differs somewhat in the start with a difference of about 0.01 loading, up to 1400 seconds, and at the 
end, after 2800 seconds. The simulations were started at steady state, and it was assumed that pilot was 
also operating initially at steady state before the dynamic updates were included.  
 
   
Fig. 2. (a) Simulated (blue) and measured (red) outlet solvent loading during the logging period; (b) Simulated (blue) and measured 
(red) outlet liquid temperature. 
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In Fig. 2b it can be seen that the simulated temperatures over predict temperature tops and bottoms 
with about 1ºC. Otherwise, the simulated temperatures are very close with measured values, which show 
that the dynamic properties, such as solvent hold-up, fits good.  
Overall, the VOOC campaign run Case B matched well with the absorber simulations with only small 
deviations from the measured values. Simulated rich loading showed good agreement with experiments. 
Also, absorber outlet temperatures matched well. It is not known what the errors here are but there are 
possible errors on both the experimental side as well as for the simulation model development. Some 
uncertainties were found in the gas analysis from the pilot and degree of saturation of water in the gas 
phase at the absorber inlet was not accurately known. On the simulation side, the hold up correlation for 
both liquid and gas sides were assumed to be a constant, measured from experiments from the same pilot.  
6. Simulation examples  
To test the numerical robustness of the code as well as testing the methods for building test cases, two 
examples were made based on the VOCC absorber configuration. The only difference in configuration 
from the VOCC example was the absorber height, which was increased from 5.4 to 20 meter with 
packing. This will yield an absorber with large mass transfer that reaches close to phase equilibrium and 
will challenge the numerical solver. Except for the increased gas inlet, all other inlet stream conditions 
were identical to the validation example from the VOCC example. 
6.1. Case 1: Partial increase in inlet gas load  
Here, a rapid ramping of the gas inlet increases the molar ratio between the gas and liquid flow rate. 
An increase of the gas flow with 50% in a short time interval from an initial steady state operation was 
performed (Figure 3). It is of interest to see the evolution of transients until the system approaches a new 
steady state Fig. 3 shows the 50% increase with respect to time. 
 
 
 
In figure Error! Reference source not found.a it is 
shown how the loading gradually increases with time 
towards a new steady state. It is interesting to see that 
there is hardly any increase in loading at the bottom of the 
absorber during the ramping the first 50 seconds. The new 
steady state is approached after about 1500 seconds. In 
Error! Reference source not found.b, the gas removal 
rates are shown and one can see that it takes similar time 
in order to reach the new steady state. The increased CO2 
inlet reduces the column removal rate from 82% down to 
66%. This thus shows some of the column inertia caused 
by the packing length, and solvent hold-up vs. MEA 
reaction kinetics.  
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Fig. 3. Sharp increase in the molar ratio between the 
gas/liquid flow rate (kmol/h). Blue line indicates the jump 
in inlet gas flow. Green line is the constant inlet liquid 
solvent rate. 
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Fig. 4. (a) Loading and (b) Percent CO2 removed from the absorber. The first box indicates where the changes to the gas load are 
performed while the yellow box shows the transients towards the new steady state. 
 
6.2. Case 2: Varying flue gas load  
In this example, successive rapid cyclic increases and decreases of the gas inlet are performed. An 
increase of the gas flow with 50% in a short time interval is tested before it is reduced again to its normal 
concentration; this is done 3 successive times in a time 
frame of ~300 seconds. 
In 5 one can see that all the events occur within the first 
400 seconds of the simulation, in three identical cycles. 
By observing the loading transients, it is shown that the 
three cycles cannot be seen in the outlet loading, but 
instead only a single loading increase can be seen from 
the first increase to the final steady state has 
approached again at the same loading value as before at 
about 1700 seconds, see Fig. 5 (a). This is again caused 
by the inertia of the large column and the large solvent 
holdup. In Fig. 5 (b), which shows the gas phase outlet 
CO2 removal rate, the three peaks is seen in the 
decreasing removal rate. This is caused by the larger 
through flow of the gas phase compared to the liquid 
phase. Also here one sees that the system needs 1700 
seconds before the previous steady state is reached. 
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Fig. 4. Increasing the molar ratio between the gas and 
liquid flow rate (kmol/h). Blue line indicates the variation 
in inlet gas flow. Green line is the constant inlet liquid 
solvent rate. 
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Fig. 5. (a) Loading and (b)  CO2 removed from the absorber (%). The first box indicates where the changes to the gas load are 
performed while the yellow box shows the transients towards the new steady state. 
7. Conclusions  
In this work, a dynamic model is developed in the CO2SIM framework for transient modelling of CO2 
absorbers and desorbers. The novelty of this work includes implementation of new generic code 
structures and programming strategies.  Validation of code towards pilot data has been presented with two 
examples of usage. Emphasis has been placed on developing flexible coding architecture that allows for 
further development of the dynamic simulator. The model is numerically robust and shows good 
agreement with pilot plant data. The methods developed for handing information/updating procedures 
showed to be efficient minimizing manual work for the engineer. In a future paper a detailed description 
and evaluation of the pilot validation as well as dynamic handling of the column with connected unit 
operations will be presented with discussion. 
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